Aims/hypothesis Previous epidemiological studies have reported a potential link between insulin analogues and breast cancer; however, a prospective randomised controlled trial showed neutral effects of insulin glargine on cancer risk. Insulin glargine is metabolised in vivo to an M1 metabolite. A question remains whether a subset of individuals with slower rates of glargine metabolism or who are on high doses could, theoretically, have an increased risk of cancer progression if a tumour is already present. In this study, we aimed to determine whether a non-metabolisable form of insulin glargine induced murine breast cancer growth. Methods A mouse model of type 2 diabetes (MKR) was used for these studies. MKR mice were injected with two murine mammary cancer cell lines: Mvt-1 cells (derived from MMTV-c-Myc/Vegf tumours) and Met1 cells (derived from MMTV-polyoma virus middle T antigen tumours). Mice were treated with 25 U/kg per day of the long-acting insulin analogues, insulin glargine, insulin detemir, insulin degludec or non-metabolisable glargine, or vehicle.
Results No difference in tumour growth was seen in terms of tumour size after insulin glargine, detemir, degludec or vehicle injections. Non-metabolisable glargine did not increase tumour growth compared with insulin glargine or vehicle. Insulin glargine and non-metabolisable glargine led to insulin receptor phosphorylation in vivo rather than IGF-1 receptor phosphorylation. Conclusions/interpretation These results demonstrate that in a mouse model of type 2 diabetes, at high concentrations, basal insulin analogues and a non-metabolisable glargine analogue do not promote the progression of breast tumours. Electronic supplementary material The online version of this article (doi:10.1007/s00125-016-4000-x) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
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Introduction
Over 25% of adult patients with diabetes in the USA take insulin therapy [1] . Questions have been raised regarding the potential for certain insulin analogues to have growthpromoting effects in individuals with cancer. For insulin glargine, this association was initially reported in a retrospective study published by Hemkens et al in 2009 [2] . However, a subsequent prospective clinical trial, the Outcome Reduction with Initial Glargine Intervention (ORIGIN) trial, with 12,500 patients found no increased cancer incidence in insulin glargine users [3] . However, although methodological limitations were apparent in the study by Hemkens et al, and other related retrospective studies [4, 5] , a debate has continued on whether insulin glargine could promote tumour progression in individuals with established tumours [6] .
The postulated mitogenic potential of insulin glargine is based on its greater affinity for IGF-1 receptor (IGF-1R) than human insulin in vitro, and this finding is comparable with that for AspB10 insulin, which is the only insulin analogue with proven tumourigenicity in animals. However, when glargine is injected into individuals with type 2 diabetes it is rapidly metabolised into intermediate metabolites, the M1 and M2 metabolites. The M1 metabolite accounts for >90% of plasma insulin content after administration of insulin glargine to animals and patients, whereas M2 metabolite is usually undetectable, and parent glargine accounts for <10% of plasma insulin [7, 8] . In vitro, the M1 metabolite has an affinity for IGF-1R similar to that of human insulin, and has equivalent mitogenic potency to that of human insulin [9] . However, some variability has been observed in the inter-individual rates of metabolism of insulin glargine into the M1 metabolite [7] , raising questions about whether in some individuals on chronic high doses of insulin glargine, sufficient circulating concentrations of the parent compound could be reached that could lead to in vivo IGF-1R activation, and potentially lead to increased growth of tumours expressing IGF-1R. We modelled this scenario by examining the effect of a nonmetabolisable insulin glargine analogue (A21Gly,DiD-Arg) on the growth of murine breast cancers in a mouse model of type 2 diabetes, the MKR mouse.
Methods
Insulin analogues Insulin analogues were mainly produced by Sanofi R&D Diabetes Division, Frankfurt, Germany. Recombinant human insulin (Insuman Rapid), AspB10 (X-10) insulin, insulin degludec, insulin glargine and A21Gly,DiD-Arg insulin were produced by recombinant DNA techniques or enzymatic semi-synthesis, purified for homogeneity and made available by Process Development Biotechnology (Sanofi, Frankfurt, Germany). Insulin detemir (Levemir) was produced by Novo Nordisk, Bagsvaerd, Denmark, and obtained commercially. Recombinant human IGF-1 (rhIGF-1) was obtained from Ipsen (Ipsen, Brisbane, CA, USA). The amino acid sequences of the insulin analogues compared with human insulin are shown in Fig. 1 . AspB10 insulin has an amino acid substitution of histidine at position 10 on the B chain for aspartic acid. Insulin degludec was generated by the addition of a fatty acid (hexadecanedioic acid) by a γ-L-glutamic acid linker acylated to lysine at B29 of a truncated form of insulin, lacking the C-terminal threonine of the B chain [10] . Insulin glargine has two L-arginine residues added to the C-terminal of the B chain and an amino acid substitution of glycine (instead of asparagine) at position 21 of the A chain [11] . Non-metabolisable insulin glargine (A21Gly,DiD-Arg) has the same amino acid sequence as insulin glargine but with D-arginine residues at B31 and B32 instead of L-arginine residues [8] . Insulin detemir is also a truncated form of human insulin, lacking threonine at position 30 of the B chain, and with the addition of a tetradecanoic (myristic) acid, acylated to lysine at B29 [12] . Prior to injection into the mice, insulin analogues (human insulin, AspB10 insulin, insulin degludec, insulin detemir) or rhIGF-1 were diluted in PBS or in a vehicle solution containing water, glycerol and adjusted to pH4 with hydrochloric acid and NaOH (insulin glargine or A21Gly,DiD-Arg).
Animal studies All animal study protocols were approved by the Icahn School of Medicine Institutional Animal Care and Use Committee. We used a previously described mouse model of type 2 diabetes for these studies, the MKR mouse [13, 14] . Briefly, muscle (M)-IGF-1R-lysine (K)-arginine (R) mice (MKR) transgenically express a human dominant negative (dn)IGF-1R with a lysine to arginine point mutation in the ATP binding site in the tyrosine kinase domain [13] . The dnIGF-1R is expressed in skeletal muscle under control of the muscle creatine kinase promoter, leading to skeletal muscle insulin resistance, with subsequent whole body insulin resistance [13] .
All mice used in these studies were female, on an FVB/n (Friend virus B/NIH) background and were between 8-12 weeks of age when tumour cells were injected. Mice were bred and housed in the Icahn School of Medicine at Mount Sinai Center for Comparative Medicine and Surgery. Mice were maintained on a 12 h light/dark cycle with free access to water and standard mouse chow (Picolab Rodent Diet no. 5053; LabDiet, St Louis, MO, USA).
Orthotopic tumour models and insulin treatment The Mvt-1 tumour cell line was derived from MMTV-c-Myc/ Vegf explant cultures [15] ; the Met1 tumour cell line was derived from the MMTV-polyoma virus middle T antigen explant cultures as previously described [16] . Mvt-1 and Met1 cells were cultured in Dulbecco's Modified Eagles Medium (DMEM), supplemented with 10% FBS (Invitrogen, Grand Island, NY, USA), with 100 U/ml penicillin and 100 μg/ml streptomycin (Mediatech, Manassas, VA, USA) at 37°C in 5% CO 2 with 95% humidity. Preparation and tumour cell injection was performed as described previously [14, 17] . A total of 100,000 Mvt-1 cells or 250,000 Met1 cells were inoculated into the fourth mammary fat pad of 8-12 week old female virgin MKR mice. Tumours were allowed to grow until they were 2-3 mm in diameter. At that point, mice were divided into treatment groups matched for tumour size. Mice were treated with rhIGF-1 1 mg/kg twice daily by i.p. injection, and AspB10 insulin, recombinant human insulin, insulin glargine, A21Gly,DiD-Arg insulin, insulin degludec, insulin detemir or vehicle 12.5 U/kg twice daily by s.c. injection [18] . Before and during treatment, tumour growth was measured in three dimensions using callipers. Tumour volume was calculated by: 4/3 × π × r 1 × r 2 × r 3 (r = radius). At the end of the study, mice were euthanised, and tumours were removed and weighed. Tumours were flash frozen in liquid nitrogen for subsequent protein isolation and analysis.
Insulin tolerance test Female wild-type FVB/n mice were deprived of food, but had free access to water for 2 h prior to initiation of the study. Baseline blood glucose was measured from tail vein whole blood using a glucometer (Bayer Contour Next, Bayer Healthcare, Mishawaka, IN, USA) immediately before injection (time 0). Mice were injected with 1 U/kg of human insulin, insulin glargine, non-metabolisable insulin glargine or an equivalent volume of vehicle (PBS) by subcutaneous injection. Glucose was measured from the tail vein 15, 30, 45 and 60 min after injection, at which time the mice were refed.
Receptor binding assays The binding of insulin, insulin glargine, glargine M1 metabolite, A21Gly,DiD-Arg and IGF-1 to insulin receptor isoform A (IR-A) and IR-B were analysed using a competitive binding assay, using methods as previously described [8, 9] , except that for these assays the plasma membranes were enriched from Chinese hamster ovary cells overexpressing either human IR-A or IR-B, and Insulin glargine metabolite measurements MKR mice were treated for 1 week with insulin glargine or non-metabolisable insulin glargine (12.5 U/kg twice daily s.c.). A terminal bleed was performed an hour after the last injection. Plasma concentrations of insulin glargine and its M1 and M2 metabolites were determined by liquid chromatography-tandem mass spectrometry (LC/MS) using methods previously described [19] .
Protein extraction and analysis Protein extraction and western blot analysis was performed as previously described [14, 20] 
In vitro studies
The methods for the in vitro studies, the results of which are presented in ESM Figs 1 and 2, are detailed in ESM Methods.
Statistical analysis One-way ANOVA with Tukey's HSD post hoc test was performed to determine statistically significant differences between the means of multiple groups. Statistical analysis was performed using the statistics software package SPSS Statistics (IBM, Armonk, NY, USA). Data are presented as mean ± SEM.
Results
No increase in primary Mvt-1 or Met1 tumour growth was observed after treatment with insulin glargine, insulin detemir or insulin degludec We first compared the in vivo effects of the long-acting basal insulin analogues insulin glargine, insulin detemir and insulin degludec on breast cancer growth, compared with AspB10 insulin and rhIGF-1 that we have previously found to increase tumour growth in these tumour models [18] . Mice were injected with Mvt-1 or Met1 cells and divided into treatment groups, as described in the Methods section. Next, 12.5 U/kg twice daily of insulin glargine, insulin detemir, insulin degludec, AspB10 insulin, or 1 mg/kg twice daily rhIGF-1 or vehicle were administered for 2 weeks (n = 12 per group). After 2 weeks, mice treated with AspB10 insulin had larger Mvt-1 tumour volume ( 2 6 0 ± 1 7 . 6 m m 3 ) t h a n v e h i c l e -t r e a t e d m i c e (176.8 ± 17.1 mm 3 ; p < 0.05). Similarly, rhIGF-1-treated mice had larger tumours (269.9 ± 21.7 mm 3 ) than vehicle-treated mice (p < 0.01). Treatment with insulin glargine, insulin detemir or insulin degludec did not increase Mvt-1 tumour growth compared with vehicle treatment (Fig. 2a, b) . It has been suggested that the in vitro mitogenic effects of insulin analogues may be related to a higher relative expression of IGF-1R than insulin receptor (IR) in cancer cell lines [21] . We examined the relative expression of IGF-1R and IR in Mvt-1 and Met1 cells compared with that in human MCF7 and MDA-MB-231 cell lines by western blot. Consistent with previous studies, we found that MCF7 cells had a higher IGF-1R:IR ratio on western blot, while the other cell lines had a lower IGF-1R:IR ratio, although both Mvt-1 and Met1 cell lines expressed both receptors (ESM Fig. 1 ). Despite the relatively lower IGF-1R:IR ratio, Mvt-1 and Met1 tumours grow larger in response to IGF-1 and AspB10 insulin in the MKR mice [18] . Three separate tumour studies were performed in the MKR mice, using insulin glargine, insulin detemir and insulin degludec in both Mvt-1 and Met1 tumours. None of the studies found an increase in Mvt-1 or Met1 tumour growth in mice treated with these analogues over vehicle.
Chronic administration of insulin glargine led to phosphorylation of IR in tumours in the MKR mice Previous in vitro studies have reported that insulin glargine has greater affinity for IGF-1R than human insulin, and may mediate mitogenic effects in tumours that express IGF-1R. After 2 weeks of treatment, mice were dissected 1 h after the last treatment injection. Consistent with our previous studies [18] , chronic rhIGF-1 administration led to IGF-1R and IR phosphorylation or IGF-1R/IR hybrid receptor phosphorylation in the tumours, visible on the western blot as receptor phosphorylation at both 95 kDa and 97 kDa (Fig. 3a) . ESM Fig. 2 demonstrates the different molecular mass of IRβ and IGF-1Rβ phosphorylation on western blot. AspB10 insulin, insulin glargine, insulin detemir and insulin degludec led to IR phosphorylation in the tumours, visible at 95 kDa on the western blot, but not IGF-1R phosphorylation (Fig. 3a) . Greater IR phosphorylation was observed in tumours from the mice treated with AspB10 insulin (Fig. 3b) than the other insulin analogues. This finding is consistent with previous studies that report the mitogenic effects of AspB10 insulin are mediated by sustained IR phosphorylation [22] .
Treatment with non-metabolisable insulin glargine did not increase Mvt-1 or Met1 tumour growth compared with parent insulin glargine or vehicle As described in the Methods section, a non-metabolisable form of insulin glargine was generated by replacing the L-arginine residues at position 31 and 32 on the B chain of insulin with D-arginine residues (A21Gly,DiD-Arg) [8] . These D-arginines are not cleaved by carboxypeptidases. The in vitro binding affinity of insulin glargine, the M1 glargine metabolite, non-metabolisable A12Gly,DiD-Arg insulin and IGF-1 to IR-A and IR-B are presented in Table 1 . The affinity of non-metabolisable glargine, glargine and the glargine M1 metabolite for IR-A and IR-B were similar to each other, while as previously published, binding to IGF-1R was similar between glargine and non-metabolisable glargine, but the glargine M1 metabolite had a lower IGF-1R binding affinity (Table 1) .
To examine the in vivo biological activity of nonmetabolisable insulin glargine on glucose lowering, compared with parent insulin glargine, an insulin tolerance test was performed in wild-type FVB/n mice (Fig. 4a ) using human insulin, insulin glargine, non-metabolisable glargine (1 U/kg) and PBS. At 60 min, glucose levels declined to 49.0 ± 9.4% of baseline in the human insulin-treated group, 38.1 ± 7.7% in the glarginetreated group and 33.1 ± 3.1% in the group treated with nonmetabolisable glargine, and rose to 115.5 ± 2.8% in the PBStreated group, with no difference between the three insulin analogue groups at any time point; however, in all groups, glucose levels were significantly lower than the level in the PBS group (Fig. 4a) . To determine the concentrations of parent glargine and its M1 metabolite, MKR mice were injected with insulin glargine or non-metabolisable glargine (12.5 U/kg twice daily) for 1 week and the plasma levels of glargine parent compound and glargine metabolites M1 and M2 were measured by LC/MS 60 min after the last injection. In the glargine-treated group, no detectable glargine was found in the plasma, but the M1 metabolite was detected (1140.1 ± 21.9 pmol/l), while in the nonmetabolisable glargine-treated group, glargine was detected (1637.5 ± 20.6 pmol/l), but no M1 metabolite (Fig. 4b) .
To determine if this non-metabolisable insulin glargine would lead to mitogenic effects in vivo, MKR mice were injected with Mvt-1 and Met1 cells and treated with vehicle, insulin glargine or non-metabolisable glargine for 2 weeks. No difference in the growth of Mvt-1 or Met1 tumours was found between MKR mice treated with vehicle, insulin glargine or non-metabolisable glargine (Fig. 5a, ESM Fig. 3 ). These experiments were both repeated once and compared with the findings for human insulin and AspB10 insulin. No increase in Mvt-1 tumour growth was found with either analogue above that with human insulin (Fig. 5b) . Western blot analysis revealed that insulin glargine and non-metabolisable glargine both led to IR phosphorylation in Mvt-1 tumours, rather than IGF-1R phosphorylation, as demonstrated by phosphorylation of the 95 kDa band on the western blot (Fig. 5c) . No difference in IR phosphorylation was observed between human insulin, insulin glargine or non-metabolisable glargine (Fig. 5d) .
Discussion
Our results demonstrate that in this tumour model none of the long-acting basal insulin analogues in current clinical use promote the growth of Mvt-1 or Met1 tumours in the MKR mouse, when compared with human insulin or vehicle treatment. Furthermore, all of these analogues led to phosphorylation of IR in vivo, rather than IGF-1R phosphorylation, which only occurred with rhIGF-1. This is the first in vivo study examining the effects of a non-metabolisable form of insulin glargine on tumour progression and receptor phosphorylation. We found that in vivo, non-metabolisable glargine (A21Gly, DiD-Arg) did not promote tumour growth over parent glargine, vehicle or human insulin. In addition, treating A previous limiting factor in the study of insulin analogues in animal models is the high mortality rates of animals receiving high doses of insulin [23] . Owing to the insulin resistance in the metabolic tissue of MKR mice, a total daily dose of 25 U/kg was administered in these studies (in two divided doses). There were no deaths during any of our studies. Therefore, this mouse model provides us with the unique opportunity to study the effects of chronic administration of high doses of insulin analogues and rhIGF-1 on breast cancer progression. Our findings showing the lack of effect of insulin glargine on tumour progression in these models are consistent with the pre-marketing rodent insulin glargine carcinogenicity studies [23] , and also with a prospective human study on insulin glargine demonstrating no increase in the incidence of breast cancers in new users of insulin glargine [3] . However, previous pre-clinical carcinogenicity studies and also the ORIGIN human study were designed to examine whether insulin glargine led to the development of spontaneous tumours, whereas we examined the progression of established cancers in our model. Our findings are consistent with a previous mouse study that examined the latency time for mammary tumour development in a p53 mutant mouse model. In that study, AspB10 insulin and IGF-1 significantly decreased tumour latency compared with vehicle, but tumor latency was comparable between NPH insulin, glargine and vehicle [24] . Insulin glargine has been shown in vitro to have growthpromoting effects on specific cancer cell lines that express high levels of the IGF-1R [6, 9] . The lack of mitogenicity of insulin glargine in vivo, however, was believed to be due to the rapid metabolism of glargine to its M1 metabolite [7, 9, 24] . Even after administration of high doses of insulin glargine, we found that glargine was metabolised into the M1 metabolite and did not lead to tumour progression.
More surprising is our finding that the non-metabolisable glargine analogue A21Gly,DiD-Arg also did not promote tumour growth in vivo. Previous in vitro studies have found that A21Gly,DiD-Arg has similar affinity for IGF-1R and similar mitogenic potency as insulin glargine in SAOS-2 cells [8] . The A21Gly,DiD-Arg analogue allowed us to model the effects that insulin glargine may have in a tumour-bearing person with the postulated slow rate of metabolism of insulin glargine, and greater exposure to higher circulating levels of the parent glargine than the M1 metabolite. In SAOS-2 and MCF-7 cell lines, the mitogenic potency and affinity of both insulin glargine and A21Gly,DiD-Arg for IGF-1R is higher than that of human insulin and the M1 metabolite of glargine; nevertheless, insulin glargine and A21Gly,DiD-Arg have significantly lower mitogenic potency and affinity compared with IGF-1 [8] . However, the higher affinity of parental glargine insulin and non-metabolisable glargine insulin for IGF-1R in vitro does not translate into in vivo IGF-1R phosphorylation, nor into increased breast cancer growth, which is likely because in vivo systemic and local IGF-1 are present. These findings highlight the need for complementary in vitro and in vivo studies to examine the role of insulin, insulin analogues and IGFs in tumour progression. Overall, in view of the increased risk of breast cancer mortality in patients with type 2 diabetes, the findings of our study are reassuring in that at high doses, insulin analogues do not promote the progression of breast tumours.
